Tbx6 is a member of the T-box family of transcription factor genes. Two mutant alleles of this gene establish that Tbx6 is involved in both the specification and patterning of the somites along the entire length of the embryo. The null allele, Tbx6 tm1Pa , causes abnormal patterning of the cervical somites and improper specification of more posterior paraxial mesoderm, such that it forms ectopic neural tubes. In this study, we use this allele to further investigate the mechanism of action of the Tbx6 gene and investigate possible genetic interactions. We have tested the developmental and differentiation potential of Tbx6 tm1Pa /Tbx6 tm1Pa cells in ectopic sites, in vitro, and in chimeras in vivo. We have also documented cell proliferation and cell death in mutant tail buds in an attempt to explain the mechanism of tail bud enlargement in the Tbx6 mutant embryos. Our results indicate specific developmental restrictions on the differentiation of posterior cells lacking Tbx6, once they have traversed the primitive streak, but no restrictions in differentiation of anterior somites, or of Tbx6 null embryonic stem (ES) cells. We further demonstrate that Tbx6 null ES cells fail to populate posterior somites in chimeric embryos. To discover whether different T-box proteins interact on the same down stream targets in areas of expression overlap, we have explored potential interactions between Tbx6 and T (Brachyury) in genetic crosses. Our results reveal that the T Wis mutation is epistatic to the Tbx6 tm1Pa mutation and that there is no apparent genetic interaction. However, homozygosity for Tbx6 tm1Pa and heterozygosity for T Wis mutation shows a combinatorial interaction at the phenotypic level. q
Introduction
A loss-of-function mutation of the mouse Tbx6 gene results in a profound disturbance in somite development. The anterior-most somites are irregular in shape and all somites posterior to the forelimb bud are missing (Chapman and Papaioannou, 1998) . In their place, the paraxial tissue forms two paraxial neural tubes, which extend posteriorly from the level of the forelimb bud, in parallel with the axial neural tube. These ectopic neural tubes end in branches within an expanded tail bud, which consists primarily of undifferentiated mesenchyme. Neuronal differentiation takes place within the ectopic neural tubes, which are normally patterned dorso-ventrally around the single axial notochord. Homozygous mutant embryos die at midgestation due to vascular insufficiencies that may be secondary to the lack of paraxial mesoderm formation (Chapman and Papaioannou, 1998) . This mutant phenotype closely correlates with the normal expression pattern of Tbx6, which is expressed in the primitive streak at gastrulation and later becomes localized to the precursors of the somites, the presomitic paraxial mesoderm and tail bud. Expression persists in the unsegmented paraxial mesoderm and tail bud throughout the period of somite formation and is down regulated in newly formed somites as soon as they segment (Chapman et al., 1996) . Recently, the spontaneous mutation rib-vertebrae (rv) was found to be a mutation in the regulatory region of Tbx6 resulting in a hypomorphic allele (Tbx6 rv ) (Watabe-Rudolph et al., 2002; White et al., 2003) . This mutation affects patterning of somites leading to malformations of the axial skeleton such as split vertebrae and neural arches, and fusion of adjacent somites (Theiler and Varnum, 1985) . These defects result from a reduction of the anterior somite compartment and/or in a partial transformation of the anterior compartment to a posterior identity (Beckers et al., 2000) . The genetic interaction between Tbx6 rv and the Notch ligand, Delta 1 (Dll1), the lack of Dll1 expression in Tbx6 null mutants, and the reduced Dll1 expression in embryos expressing lowered levels of Tbx6 indicate that Dll1 lies downstream of Tbx6 in the pathway affecting somite segmentation and patterning (Beckers et al., 2000; Chapman and Papaioannou, 1998; White et al., 2003) .
The null allele Tbx6 tm1Pa and the hypomorphic allele Tbx6 rv reveal the importance of Tbx6 expression levels in two qualitatively different aspects of Tbx6 function. Tbx6 tm1Pa /Tbx6 tm1Pa mutant embryos display disturbed patterning of the cervical somites, with the posterior tissue fated to form somitic mesoderm differentiating instead as neural tissue, indicating a role for this gene in the specification of paraxial mesoderm along a somitic mesoderm pathway (Chapman and Papaioannou, 1998) . Tbx6 rv /Tbx6 rv embryos and transgenic embryos expressing reduced levels of Tbx6 display abnormal rostrocaudal patterning of somites as well as abnormal specification of presomitic mesoderm (Watabe-Rudolph et al., 2002; White et al., 2003) . Although paraxial somites form in the Tbx6 rv /Tbx6 rv hypomorphic mutants, ectopic neural tissue is still found in the posterior regions of the embryos (Theiler and Varnum, 1985) . Furthermore, partial transgene rescue of Tbx6 expression in null embryos restores posterior somite formation but results in fusions of the ribs and vertebrae as well as disruption of the myotome compartment of the somite. Along with the improperly patterned somites, ectopic neural tissue is also found in the paraxial region of these partially rescued embryos (White et al., 2003) . These various phenotypes affecting both somite specification and patterning appear, therefore, to be dependent on the level of Tbx6 expression.
Tbx6 is a member of the T-box family of transcription factor genes, which show sequence-specific binding of DNA through the evolutionarily conserved T-box domain (Agulnik et al., 1995; Coll et al., 2002; Herrmann et al., 1990; Muller and Herrmann, 1997) . Most T-box genes have critical roles in embryonic development (Papaioannou, 1997 (Papaioannou, , 2001 , and mutations in several T-box genes have been associated with human developmental syndromes including the ulnar mammary syndrome (TBX3) (Bamshad et al., 1997) , Holt-Oram syndrome (TBX5) (Basson et al., 1997; Li et al., 1997) , cleft palate with ankyloglossia (TBX22) (Braybrook et al., 2001) , and DiGeorge syndrome (TBX1) (Jerome and Papaioannou, 2001; Lindsay et al., 2001; Merscher et al., 2001) . In addition to Tbx6, several other T-box genes are expressed in the primitive streak during gastrulation, namely Eomes (Ciruna and Rossant, 1999; Hancock et al., 1999) and Brachyury (Wilkinson et al., 1990; Wilson and Beddington, 1997; Wilson et al., 1993) . Eomes is first expressed in the trophectoderm of the blastocyst and then appears transiently in the early primitive streak. Although Eomes mutant embryos die because of a lack of trophectoderm giant cells, rescue of the trophectoderm defect in tetraploid chimeras reveals an early block in extraembryonic and embryonic mesoderm formation with a resulting lack of mesoderm and a thickening of the primitive streak (Russ et al., 2000) .
Brachyury, or T, on the other hand, is expressed in the epiblast prior to streak formation, and is then expressed in the primitive streak, node, and notochord throughout gastrulation. It continues to be expressed in the tail bud, like Tbx6, as long as new mesoderm is being produced. The first mutation in T was recognized through its effects on tail length and axial development (Dobrovolskaïa-Zavadskaïa, 1927) . Heterozygous mice have a short tail whereas homozygous mutants are characterized by the failure to form posterior mesoderm derivatives including an allantois, notochord, and somites leading to severe axial truncations, with occasional duplication of the remaining posterior neural tube and/ or formation of ectopic neural tubes. Studies with chimeras consisting of normal and T mutant tissue suggest a problem with cell adhesion and the epithelial-tomesenchymal transition in the primitive streak (Wilson and Beddington, 1997; Wilson et al., 1993 Wilson et al., , 1995 . A number of different alleles of T have been isolated, including T Wis (Shedlovsky et al., 1988) , which acts as a dominant negative.
The effects of Eomes and T are both qualitatively different from Tbx6 mutations in that they appear to block formation of mesoderm at different stages of differentiation. However, the enlarged tail bud present in Tbx6 tm1Pa /Tbx6 tm1Pa mutant embryos could indicate that some cells are blocked in their differentiation or that cell migration or the adhesive properties of cells leaving the primitive streak are disrupted, as has been postulated for T mutants. Alternatively, cell proliferation or apoptosis could be abnormally regulated in the tail bud as the result of loss of Tbx6.
This study further investigates the mechanism of action of the Tbx6 gene and investigates possible genetic interactions. We have tested the developmental and differentiation potential of Tbx6 tm1Pa /Tbx6 tm1Pa cells in ectopic sites, in vitro, and in chimeras in vivo, and have documented cell proliferation and cell death in mutants in an attempt to explain the mechanism of tail bud enlargement. Our results indicate specific developmental restrictions on the differentiation of cells lacking Tbx6. To uncover whether different T-box proteins interact on the same down stream targets in areas of expression overlap, we have explored potential interactions between Tbx6 and Brachyury in genetic crosses. Our results reveal that the T Wis mutation is epistatic to the Tbx6 tm1Pa mutation and that there is no apparent genetic interaction. However, homozygosity for the Tbx6 tm1Pa and heterozygosity for the T Wis mutation shows a combinatorial interaction at the phenotypic level. To examine whether the enlarged tail bud characteristic of Tbx6 tm1Pa /Tbx6 tm1Pa mutant embryos is due to increased cell proliferation compared to wild type embryos, an antibody to the phosphorylated form of histone H3 was utilized as a marker of mitotic cells. Sixteen wild type and three mutant embryos at 8.5 dpc, and 11 wild type and seven mutant embryos at 9.5 dpc were examined following wholemount immunohistochemistry. Mitotic indices were calculated following sectioning of some of the 9.5 dpc embryos (Table 1 ). There were no obvious differences in the density or pattern of mitotic cells in whole-mounts (Figs. 1A,B) or sections (Figs. 1D -G), and no significant differences in the mitotic indices between wild type and mutant for the mesenchyme, the neural plate, or the surface ectoderm of the tail bud, even though the tail bud was obviously expanded in the mutants (Figs. 1F,G) . Interestingly, the mitotic index of the mutant gut endoderm in the tail bud was lower in the mutant embryos than in wild type (sample standard deviations were non-overlapping), although this was based on a smaller sample than for the other tissues. Among mutant embryos, mitotic indices for axial neural tube and ectopic neural tubes were virtually identical ( Table 1) .
The expanded tail bud of the mutants might also result from decreased cell death in Tbx6 tm1Pa /Tbx6 tm1Pa embryos compared with wild type embryos. However cell death in five mutant and nine wild type embryos was evaluated using whole-mount TUNEL assay for apoptotic cells and no differences were observed in the overall incidence or pattern of cell death in the tail buds between mutant and wild type embryos (Fig. 1C) 2F,H) with the notable exception that no muscle was ever seen in teratomas from mutant tail buds, whereas this was a common and abundant cell type in teratomas from wild-type tail buds (Table 2) .
Differentiation of Tbx6 tm1Pa /Tbx6 tm1Pa ES cells in vitro
An in vitro differentiation assay was performed to determine the effect that the loss of functional Tbx6 has on myogenic and neuronal differentiation of ES cells. This assay is based on the fact that ES cells can differentiate in vitro to yield cell types of all three germ layers and that the addition of various chemicals and growth factors alters the relative proportions of differentiated cell types (Wobus et al., 1984) . Cells treated with retinoic acid (RA)-containing media demonstrate enhanced neuronal differentiation while the addition of DMSO has been shown to enhance myogenesis (Dinsmore et al., 1996; Wobus et al., 1994) . Tbx6 tm1Pa /Tbx6 tm1Pa mutant and wild type ES cell lines were established, grown as embryoid bodies, and then plated in order to induce differentiation in vitro. Both wild type and Tbx6 tm1Pa /Tbx6 tm1Pa mutant RA-treated ES cell cultures exhibited extensive neuronal differentiation after approximately 3 -5 days post-plating as assessed by morphology (data not shown). In DMSO-treated cultures, the time course and frequency of contracting muscle group formation was the same for mutant and wild type ES cells (Table 3) . Differentiated muscle was observed in all wildtype and mutant cultures by 9 days post plating, demonstrating that there is no absolute requirement for Tbx6 during myogenesis, consistent with our observation of myogenin expressing cells in the anterior somites of the Tbx6 tm1Pa /Tbx6 tm1Pa mutant embryos.
Fate of Tbx6 tm1Pa /Tbx6 tm1Pa ES cells in chimeric embryos in vivo
Tbx6 tm1Pa /Tbx6 tm1Pa mutant and wild type ES cell lines harboring the ROSA26 transgene were used for chimera studies in vivo. Four chimeras were recovered at 9.5 dpc following injection of wild type ES cells into blastocysts. The contribution of ES cells ranged from 50 to 100% as assessed by X-gal staining, and ES cells appeared to contribute to all tissues and cell types. Three chimeras were recovered from each of two Tbx6 tm1Pa /Tbx6 tm1Pa ES cell lines, with contributions ranging from 20 to 90% mutant cells. Chimeras with higher levels of mutant cells had a bulbous tail bud characteristic of Tbx6 tm1Pa /Tbx6 tm1Pa mutant embryos. At all levels of contribution, the mutant cells were widely distributed in the chimeras. However, examination of serial sections revealed several areas of nonuniform distribution of mutant cells (Fig. 3 ). In the head region, wild type and mutant cells were fairly uniformly distributed (Figs. 3A,H -K). From the level of the forelimb bud, however, mutant cells were increasingly excluded from the more posterior somites (Figs. 3D -I ). In the caudal part of the embryo, the somites were predominantly comprised of wild type cells; occasional clumps of mutant cells in the position of somites had the appearance of epithelial rosettes (Fig. 3I , arrowhead) reminiscent of the ectopic neural tubes seen in mutant embryos. The central portion of the expanded tail bud was made up almost exclusively of mutant cells, (Figs. 3H,I ).
Effect of genetic background and genetic interactions with T Wis
The original report of the Tbx6 tm1Pa /Tbx6 tm1Pa mutant phenotype was made on mice of a mixed 129, C57BL/6J genetic background. To rule out major modifiers of the Tbx6 mutant phenotype, we examined embryos between 8.5 and 11.5 dpc on the inbred genetic backgrounds 129/SvEv (n ¼ 92) and C57BL/6J (n ¼ 91) and found that the Tbx6 tm1Pa /Tbx6 tm1Pa mutant phenotype was identical to that reported previously on the mixed background (Chapman and Papaioannou, 1998) ; specifically, mutants were not morphologically evident at 8.5 dpc but by 9.5 dpc and later could be distinguished by bulbous tail buds, irregularly segmented anterior somites, a lack of posterior somites, and ectopic paraxial neural tubes. This indicates that there are no major genetic modifiers of Tbx6 that differ between 129 and C57BL/6J inbred strains of mice.
The two T-box genes, Tbx6 and Brachyury (T), are co-expressed in the primitive streak and tail bud during gastrulation raising the possibility of a genetic interaction in these tissues. Tbx6 tm1Pa /Tbx6 tm1Pa mutant embryos are first evident by gross morphology at 9.5 dpc by an enlarged tail bud, irregularly segmented anterior somites, a lack of posterior somites, and the presence of ectopic paraxial neural tubes, whereas Tbx6 tm1Pa heterozygotes are normal (Chapman and Papaioannou, 1998) . Homozygous mutant embryos for the T Wis allele of T are distinguished at 9.5 dpc by the lack of allantois, lack of segmentation of the paraxial mesoderm, and severe posterior truncation (Herrmann, 1991) , while heterozygous T Wis / þ embryos are evident by 9.5 dpc by an enlarged posterior neuropore (our observations, see Table 4 ), or by a smaller-than-normal tail at 11.5 dpc. The tail of T Wis / þ mice fails to undergo any further growth, and the resulting mice are born with a small remnant of this embryonic tail and often a noticeably shortened axis (Conlon et al., 1995; Kispert and Herrmann, 1994 (Table 4 ). At 9.5 dpc they lacked an allantois and segmented paraxial mesoderm, and showed severe posterior truncations, indicating that in the homozygous condition, the T Wis allele is epistatic to the Tbx6 tm1Pa mutation. Among T Wis / þ heterozygous embryos wild type for Tbx6, about half could be distinguished morphologically from normal embryos at 9.5 and 10.5 dpc by the presence of a wider-than-normal posterior neuropore, a finding that has not been reported previously. Histological analysis of one T Wis / þ embryo indicated a dense tail bud and bifurcation of the caudal-most neural tube at 10.5 dpc, as described previously (Kispert and Herrmann, 1994) . At later time points, the characteristic curtailed development of mesoderm and axial structures caudal to the hind limb became marked and the tail was constricted and thin. This same phenotype was observed in Tbx6 tm1Pa / þ, T Wis / þ embryos, indicating that there is no synergism between these two genes in double heterozygotes.
Tbx6
tm1Pa /Tbx6 tm1Pa embryos heterozygous for T Wis were indistinguishable from Tbx6 tm1Pa /Tbx6 tm1Pa mutants at 9.5 dpc. However, at 10.5 and 11.5 dpc, six out of seven Tbx6 tm1Pa /Tbx6 tm1Pa , T Wis / þ embryos showed the combined effects of both mutations (Fig. 4) . At the level of gross morphology, the anterior and trunk regions of the Tbx6 tm1Pa /Tbx6 tm1Pa , T Wis / þ embryos were comparable to that of the Tbx6 tm1Pa /Tbx6 tm1Pa embryos with the absence of somites in the trunk region. The combined effect of the two mutations, however, was evident in the tail region of the Tbx6 tm1Pa /Tbx6 tm1Pa , T Wis / þ embryos, which could be distinguished by its small size compared to the bulbous tail bud of the Tbx6 tm1Pa /Tbx6 tm1Pa embryo (Fig. 4) . In fact, at this and later stages, the tail of the Tbx6 tm1Pa /Tbx6 tm1Pa , T Wis / þ embryo was comparable in size to that of normal embryos (Figs. 4A -D) . These effects observed in the tail region were presumably due to the combined effects of the two mutations: excess tail tissue due to the Tbx6 mutation and reduced mesoderm production due to the T Wis mutation. To examine whether heterozygosity for the T Wis allele had an effect on anterior somite formation in these embryos, we examined the expression of myogenin, which is normally expressed as bands along the A -P axis of the embryo and marks the myotome compartment of the somites (Cheng et al., 1992; Sassoon et al., 1989; Wright et al., 1989) (Fig. 4E) . myogenin expression in embryos wild type or Table 4 Phenotypes of embryos, 9.5-13.5 dpc, carrying T Wis and Tbx6 mutations insets) The cervical region of two additional embryos of the genotypes specified illustrate the range of phenotypes observed for these embryos, but that the phenotypes of Tbx6 mutants wild type or heterozygous for the T Wis allele are comparable. The size bar in A ¼ 500 mm and is identical for panels B-G 0 .
heterozygous for the Tbx6 null allele and wild type or heterozygous for the T Wis allele are indistinguishable (Fig. 4E) . The abnormal character of the cervical somites in Tbx6 tm1Pa /Tbx6 tm1Pa embryos can be seen by disruption of the evenly spaced bands of myogenin expression (Figs. 4F, , T Wis / þ embryos (n ¼ 3) at 10.5 dpc confirmed the presence of ectopic neural tubes and lack of posterior somites (data not shown). Together these results indicate that there is no interaction between Tbx6 and T in the nature, severity, or time of onset of either mutant phenotype. Rather, the effects of the two mutations are combinatorial in the tail bud, apparently affecting different aspects of mesoderm formation.
Discussion

Developmental potential of Tbx6 null cells
Several assays of developmental and differentiation potential point to specific deficiencies in Tbx6 null cells. The presence of the marker myogenin in anterior somites of Tbx6 tm1Pa mutant embryos, and the in vitro ES cell differentiation assay, in which contracting muscle cell groups were detected at the same frequency in both wildtype and mutant ES cell cultures, demonstrates that there is no absolute requirement for Tbx6 during myogenesis. These results are also compatible with the differentiation of skeletal muscle in teratomas formed from the irregular cervical somites of Tbx6 tm1Pa homozygous mutant embryos. However, the absence of skeletal muscle in teratomas formed from the tail bud or ectopic neural tubes of mutant embryos indicates that the tissue progressing through the primitive streak in the trunk and tail does not have the capacity to form skeletal muscle, either in the embryo or in ectopic sites where spatial organization poses no strictures. It is interesting that other somite derivatives, such as cartilage and bone, are formed in these teratomas, although the surface ectoderm present in the tail bud might be the source of some of this tissue.
The second major indication of a limitation in the potential of Tbx6 null cells comes from the non-uniform distribution of Tbx6 tm1Pa mutant and wild type cells in chimeras. It is striking that mutant cells are almost completely excluded from the developing trunk and tail somites and that in the tail bud, the mutant and wild type cells are strictly segregated, with mutant cells concentrating in the central part of the tail bud. Our interpretation of this cell sorting in chimeras is as follows: wild type cells traverse the streak, take up a mesoderm identity and migrate normally into the paraxial presomitic region where they segment into somites; Tbx6 tm1Pa mutant cells, on the other hand, which are not specified as paraxial mesoderm, are at a disadvantage in migrating into the region of developing somites and are preferentially excluded due to their cell surface properties or lack of migratory behavior. In those cases where some mutant cells do reach the position of the developing somite, they differentiate autonomously into neural structures. As one of the main properties distinguishing ingressing cells after they traverse the primitive streak is migratory behavior, this offers an explanation for the expansion of the tail bud of homozygous mutant embryos, which cannot be explained by alterations in cell proliferation or cell death. In the mutants, the cells traversing the streak become mesenchymal but they are not specified as paraxial mesoderm even though they express markers of the primitive streak, T and Wnt-3a (Chapman and Papaioannou, 1998) , and thus do not have the migratory characteristics of mesoderm. Although some of the cells differentiate into ectopic neural tubes in the paraxial region, the majority remain behind contributing to the expansion of the tail bud. Perhaps those cells that move (or are pushed) out of the tailbud respond to the signals from the notochord and surface ectoderm and form ectopic neural structures, but those cells that remain are not in a position to respond to signaling tissues (mainly notochord). What causes the cells that move out of the tail bud to differentiate and those that stay behind to remain undifferentiated is not known, although a similar behavior of T/T mutant cells in chimeras has been attributed to cell autonomous alterations in cell adhesion properties (Wilson et al., 1995) .
Several other aspects of cell distribution in chimeras provide further information on the role of Tbx6. The high contribution of mutant cells to intermediate mesoderm and lateral plate mesoderm in chimeras indicates that the precursors of these subdivisions of mesoderm are independent of Tbx6, a result that is compatible with the apparently normal differentiation of these tissues in homozygous mutant embryos (Chapman and Papaioannou, 1998) . This most likely correlates with the limits of expression of Tbx6, which is initially expressed throughout the length of the primitive streak at 7.5 dpc, but later becomes restricted to the presomitic mesoderm (Chapman et al., 1996) . On the other hand, the relatively low contribution of mutant cells to the gut endoderm could indicate that Tbx6 does play a role in the specification or differentiation of the gut. Although it has not been formally proven, it appears likely that Tbx6 is expressed at least transiently in the gut endoderm precursors, which traverse the primitive streak at or near the anterior end of the streak (Lawson et al., 1991) , and a role for Tbx6 in this tissue is a possibility for future exploration.
Genetic interactions
We have found no evidence for modifiers of the Tbx6 tm1Pa /Tbx6 tm1Pa mutant phenotype in either 129 or C57BL/6 strains, although this does not rule out the existence of modifiers in other strains. In considering the possibility of major gene interactions, we investigated whether Tbx6 interacts with another T-box gene, Brachyury, which is coexpressed in the primitive streak and tailbud. Tbx6 and Brachyury both bind similar DNA target sequences in vitro and both can apparently bind DNA either as monomers or dimers (Muller and Herrmann, 1997; Papapetrou et al., 1999) , although there is no evidence for the formation of Tbx6-T heterodimers (Papapetrou et al., 1999) . Nonetheless, in the context of the promoters of downstream target genes, the coexpression of these two genes during gastrulation and somite formation raises the possibility of interactions either through the joint regulation of a set of common downstream target genes, or through partial redundancy of function. In either case, the expected result of removing both gene products would be a new, more severe phenotype in the tissues of overlapping expression. We tested this idea using the T Wis allele of Brachyury in combination with the mutant Tbx6 tm1Pa allele. The T Wis allele produces a severe phenotype, which is marked by a failure of notochord development and a complete lack of segmented paraxial mesoderm in homozygous mutants, with heterozygous animals showing severe posterior truncation of the axis due to a failure of development of the most posterior notochord and mesoderm (Conlon et al., 1995; Herrmann, 1991) . In Tbx6 tm1Pa heterozygous or homozygous mutant embryos, the homozygous T Wis phenotype was unchanged, indicating epistasis. Similarly, in T Wis heterozygotes, the loss of one Tbx6 allele had no additive effect on the phenotype. In the Tbx6 tm1Pa / Tbx6 tm1Pa , T Wis / þ embryos, on the other hand, the combined effects of both mutants could be seen, but with no evidence of new phenotypes. The Tbx6 tm1Pa effect on specification of trunk and tail mesoderm resulted in the presence of ectopic neural tubes in the trunk region, and the T Wis effect on production of posterior mesoderm resulted in a small tail bud at midgestation. Even in the presence of a Tbx6 mutation affecting the specification of mesoderm, T Wis still has the effect of reducing the production of tail mesoderm. Thus, even in areas of expression overlap, the action of the two T-box genes appears to be independent, T affecting the production of notochord and posterior mesoderm, and Tbx6 affecting the specification of the paraxial mesoderm that does form.
Experimental procedures
Mice and genotyping
The Tbx6 mutant allele, Tbx6 tm1Pa , was maintained on several different genetic backgrounds: (1) a mixed 129/SvEv, C57BL/6J background, on which the original study was done (Chapman and Papaioannou, 1998) ; (2) an inbred 129 background derived by mating the original ES cell chimera with 129/SvEv females followed by sib mating with forced heterozygosity; and (3) a C57BL/6J inbred background obtained by backcrossing for seven to nine generations with forced heterozygosity for Tbx6 tm1Pa . Embryos were collected from timed matings between heterozygotes and genotyped by Southern blot hybridization (Chapman and Papaioannou, 1998) or PCR of yolk sac DNA using a three primer system to detect a 922 bp band from the mutant allele and a 550 bp wild type band (5
tm1Pa embryos were phenotypically evident by 9.5 days post coitus (dpc) by the lack of posterior somites and an expanded tail bud.
Swiss Webster random bred mice (Taconic) or C57BL/6J inbred mice (Jackson Laboratory) were used as blastocyst hosts for making ES cell injection chimeras, and Swiss Webster or Black Swiss Webster females (Taconic) were mated to vasectomized males and used as pseudopregnant foster mothers for embryo transfer. A/J mice heterozygous for the semidominant T Wis allele at the Brachyury locus, were obtained from W. Dove and A. Shedlovsky and bred with Tbx6 tm1Pa / þ mice on the mixed 129/SvEv, C57BL/6J genetic background. Mice were genotyped for Tbx6 using Southern blot hybridization of tail DNA. T Wis / þ mice were recognized by the absence of a tail. Double heterozygotes for T Wis and Tbx6 tm1Pa were either mated together or with Tbx6 tm1Pa heterozygotes. Embryos were collected between 9.5 and 13.5 dpc for morphological analysis and genotyping for both genes using yolk sac or embryo DNA. A genomic fragment from the T locus (p5.1E-H3-2) that distinguishes between the wild type, T, and T Wis alleles was used for genotyping by Southern blot hybridization. Some embryos were fixed for in situ hybridization or for routine histology.
In situ hybridization
A linearized myogenin plasmid (Cheng et al., 1992; Sassoon et al., 1989; Wright et al., 1989 ) was used to generate digoxigenin-labeled antisense riboprobes. Wholemount in situ hybridization was performed according to standard protocols (Wilkinson, 1992) .
Cell proliferation and cell death assays
Cell proliferation was detected in whole-mount 9.5 dpc embryos by immunolocalization of the phosphorylated form of histone H3 using standard immunochemical methods (antiphosphohistone H3 polyclonal rat antibody, Upstate Biotechnology; Abu-Absi and Srienc, 2002; Manzanero et al., 2000) . Some of these embryos were subsequently sectioned at 8 mm and counterstained with nuclear fast red for determination of mitotic indices by cell counting on alternate sections. Mitotic indices were determined for different tissue types in each embryo and means and standard deviations of mitotic indices calculated. Apoptotic cells were detected using the (TUNEL) assay in wholemounts (Roche In situ Cell Death Detection Kit-POD).
Ectopic transfers
Embryos were recovered at 10.5 dpc from Tbx6 tm1Pa heterozygous matings on the 129 background. Normal embryos contained over 25 somites and homozygous mutant embryos were readily apparent by their lack of posterior somites and enlarged tail buds. Genotypes were confirmed for most of the embryos by Southern blot analysis of embryonic tissue. Embryos were dissected in phosphate buffered saline with bovine serum albumen or PB1 medium with 10% FCS (Papaioannou and West, 1981) . Tail buds were cut off and the other tissues were isolated by dissection following 10 -20 m in 0.5% trypsin, 2.5% pancreatin at 48C. The following tissues were isolated from normal embryos: anterior somites from the level of the forelimb bud, trunk somites caudal to the forelimb bud, neural tube from the trunk region, and tail bud. From mutant embryos the corresponding tissues were isolated: anterior somites, ectopic neural tubes from the trunk region, axial neural tube from the trunk region, and the expanded tail bud. Isolated embryonic tissues were transferred beneath the testes capsule of adult 129 strain male mice using a glass pipette. Teratomas were harvested 14 -31 days later for histological processing and staining with Masson's trichrome or H&E.
Derivation and in vitro differentiation of Tbx6
tm1Pa /Tbx6 tm1Pa ES cells ES cell lines bearing the Tbx6 tm1Pa mutation and marked by a ubiquitously expressed lacZ gene were established using standard protocols (Robertson, 1987) . ROSA26 mice were obtained from The Jackson Laboratory. The ROSA26 transgene, which expresses the lacZ gene ubiquitously (Zambrowicz et al., 1997) , was introduced by mating into the Tbx6 tm1Pa mouse line. All mice, and consequently all ES cell lines, were on a mixed C57BL/6J, 129/SvEv background. Mice heterozygous for Tbx6 tm1Pa and homozygous for the ROSA26 transgene (Tbx6 tm1Pa / þ ; ROSA26 Tg/Tg) were mated to Tbx6 tm1Pa heterozygous mice. Blastocysts were recovered at 3.5 dpc and used to derive ES cell lines as previously described (Robertson, 1987) . ES cells were genotyped for Tbx6 by Southern blot hybridization as previously described (Chapman and Papaioannou, 1998) 
/Tbx6
tm1Pa cell line were grown in suspension culture in ES cell medium (Robertson, 1987) without LIF for 3 days to allow the formation of embryoid bodies. Each culture was then split into duplicates of four treatment groups: growth on gelatinized tissue culture dishes (control), growth on gelatinized tissue culture dishes with the addition of 10 26 M retinoic acid (RA), growth on gelatinized tissue culture dishes with the addition of 1% dimethylsulfoxide (DMSO), or continued growth in suspension culture. Between 5 and 12 days post plating, cultures were scored for the presence and number of visibly contracting groups of muscle cells and for neural morphology.
ES cell chimeras
Tbx6
tm1Pa /Tbx6 tm1Pa and Tbx6 wild type ES cell lines hemizygous for the ROSA26 transgene were injected into Swiss Webster blastocysts, transferred to pseudopregnant females, and allowed to develop in vivo until 9.5 dpc. At this time, embryos were dissected, fixed and stained for b-galactosidase activity according to standard techniques (Ciruna et al., 1997) . Chimeric embryos were later embedded, sectioned and counter-stained with eosin.
